This paper presents a new design approach of wearable robots that tackle the three barriers to mainstay practical use of exoskeletons, namely discomfort, weight of the device, and symbiotic control of the exoskeleton-human co-robot system. The hybrid exoskeleton approach, demonstrated in a soft knee industrial exoskeleton case, mitigates the discomfort of wearers as it aims to avoid the drawbacks of rigid exoskeletons and textile-based soft exosuits. Quasi-direct drive actuation using high-torque density motors minimizes the weight of the device and presents high backdrivability that does not restrict natural movement. We derive a biomechanics model that is generic to both squat and stoop lifting motion. The control algorithm symbiotically detects posture using compact inertial measurement unit (IMU) sensors to generate an assistive profile that is proportional to the biological torque generated from our model. Experimental results demonstrate that the robot exhibits 1.5 Nm torque when it is unpowered and 0.5 Nm torque with zero-torque tracking control. The efficacy of injury prevention is demonstrated with one healthy subject. Root mean square (RMS) error of torque tracking is less than 0.29 Nm (1.21% of 24 Nm peak torque) for 50% assistance of biological torque. Comparing to the squat without exoskeleton, the maximum amplitude of the knee extensor muscle activity (rectus femoris) measured by Electromyography (EMG) sensors is reduced by 30% with 50% assistance of biological torque.
I. INTRODUCTION
Musculoskeletal disorders (MSDs) are a leading cause of injury among various individuals, ranging from workers and soldiers to caregivers, who are exposed to physical workloads [1] . Wearable robots present an attractive solution to mitigate the incidence of injury and augment human performance [2] . augmentation that enhance the human economy and endurance [3] [4] [5] and in gait restoration that enhances mobility [6] [7] [8] [9] , the industrial exoskeleton is an emerging area that presents new opportunities and challenges. Passive [10, 11] and powered exoskeletons [12, 13] have demonstrated effectiveness for injury prevention of upper body and back support. Recently, there is a growing interest in wearable robots for knee joint assistance as cumulative knee disorders account for 65% of lower extremity musculoskeletal disorders [14] . Squatting and kneeling are two of the primary risk factors that contribute to knee disorders [14] .
Besides recent breakthroughs of wearable robotics in human
Industrial exoskeletons for knee assistance present new challenges as the required range of motion and the torque assistance are typically much greater than walking. Most of the existing knee exoskeletons are designed for walking assistance [15, 16] and they typically do not allow squat motion due to the interference between the robot and human bodies (e.g. [17, 18] ). Like all wearable robots, knee exoskeletons can be generally classified as rigid or soft in terms of actuation and transmission. Quasi-passive knee design was studied in [19] as prosthesis and [20] as exoskeletons. [21] used the series elastic actuator (SEA) to decouple motor inertia and reduce passive output impedance. Keeogo exoskeleton [22] uses high ratio harmonic drive gear to amplify torque of a brushless direct current (BLDC) motor. Soft exoskeletons either using pneumatics [23] or cable transmission [24] represent a trend in wearable robot design. Discomfort, weight of device, and symbiotic control of exoskeleton-human co-robot system to enable fluid movement are considered three key barriers to mainstay practical use of exoskeletons [2, 25] . This paper presents three solutions to tackle those challenges, namely hybrid exoskeleton design approach, quasi-direct drive actuation paradigm, and biomechanics-model based control. Those methods are generic for the design and control of high-performance wearable robots, and industrial knee exoskeleton is instantiated as one example in this work as shown in Fig.1 . The contribution of this work includes 1) a hybrid exoskeleton design that avoids the drawbacks of rigid exoskeletons (heavy and bulky) and textile-based soft exosuits (small moment arm and high-pressure concentration) [26] ; 2) a quasi-direct drive actuation paradigm that optimizes comfort to make the robot lightweight and highly-backdrivable (low impedance); 3) a cable-drive mechanism that uses one motor to control both flexion and extension, thus it could reduce weight of the device; 4) a biomechanics model that is generic for both squat and stoop lifting and a control strategy that mitigates musculoskeletal injuries demonstrated with reduced muscle activities. Fig. 1 . A healthy subject performs squatting with the unilateral soft knee exoskeleton that uses quasi-direct drive actuation paradigm that consists of high torque density motors and low transmission ratio gears. Bidirectional cable-actuation produces flexion and extension torque with a single motor (less mass).
II. DESIGN REQUIREMENTS
The soft knee exoskeleton is a versatile assistive device designed to augment different knee movements including lifting (both squat and stoop) and walking, though the focus of this paper is squat assistance. Since the focus of this work is to understand feasibility of the design principles and effectiveness of control strategies, the prototype is a tethered design with offboard actuation and its design outcome is transferable to portable exoskeleton design. The design requirement is based on data from healthy human subjects with 80 kg weight and a height of 180 cm without carrying any load [27] . Knee joint assistance during squatting necessitates a broad range of motion (0-130° degrees flexion) and biological joint moment (up to 60 Nm). The torque generated from the robot needs to be delivered at an angular velocity of no less than 2.4 rad/s to effectively synchronize with the user. Though the robot is designed to deliver 72 Nm torque, our control philology aims to use small to medium torque by optimizing timing, magnitude, and profile of torque trajectories [3] . The soft exoskeleton design approach proposed in this paper is hybrid in the sense that it uses cable transmission (like textile-based soft exosuit) while maintains large moment arm (like rigid exoskeletons, thus it requires less force for the same amount of delivered torque by the robot) as shown in Fig. 2 . It presents one solution to reduce forces applied to limbs (because of its larger moment arm comparing with textilebased soft exosuits) and pressure concentration (3D scanning and 3D printing based orthotic brace with foam padding are conformable and conformal). Quasi-direct drive actuation [28] [29] using high torque density motors can potentially be designed to be not only more lightweight but also highlybackdrivable and unobtrusive to human movement. Fig. 2 . The knee exoskeleton represents our hybrid design approach in that uses cable transmission (like textile-based soft exosuit) while maintains large moment arm (like rigid exoskeleton). It uses IMU sensors to measure the subject's trunk, thigh, and shank postures to generate hip and knee angles for bioinspired squat assistance control. Two EMG sensors monitor muscle activities of rectus femoris and hamstring to evaluate the assistance performance of the system.
To enable quasi-direct drive actuation paradigm, it is crucial to design high torque density motors. Our custom designed BLDC motors optimize the mechanical structure, topology, and electromagnetic properties [30, 31] . It uses hightemperature resistive magnetic materials and adopts an outer rotor, flat and concentrated winding structure. Unlike conventional BLDC motors that place windings around rotors, our rotor consists of only the permanent magnet and rotor cover while the winding is attached to stators. This design significantly reduces the inertia and mechanical impedance of the motor while increasing its control bandwidth. Fig. 3 shows the continuous torque density versus air gap radius distribution of our motor and commercial ones [29] . The continuous torque of our motor is 2 Nm and its mass is 274 g. Maxon EC Flat 90 has 0.5 Nm continuous torque with 648 g mass. In the 35-40 mm air gap radius domain, the continuous torque density of our motor is 7.3 Nm/Kg while T-motor U8 is 3.5 Nm/Kg, and Maxon EC Flat 90 is 1.5 Nm/Kg. The quasi-direct drive actuation paradigm was implemented with a tethered actuation platform shown in Fig.  4 (a) as a side view and (b) as a top view. With custom designed 2-stage planetary gears with 36:1 ratio and 172 g, the actuator generates 72 Nm continuous torque and 4.36 rad/s angular velocity. Even though it is a tethered system, the platform is viable to be converted into a portable design as the overall mass of the actuator is only around 500 Kg. 
IV. ELECTROMECHANICAL DESIGN
The detailed implementation of the hybrid exoskeleton design approach and the quasi-direct drive actuation principle features a bidirectional cable drive transmission, low-profile knee joint mechanism, and Controller Area Network (CAN) based communication and control electronics for IMU posture sensing and motor control.
A. Bidirectional-Drive Cable Transmission
Our innovative design uses one motor to remotely drive the wearable structure to control both flexion and extension motion. This mechanism has two advantages. First, it reduces the mass and cost of actuators as conventional cable drive actuation typically uses one motor to control unidirectional motion (flexion or extension) as the cable can only be pulled [32] . Thus, the mass of the actuators in conventional design is roughly doubled as it requires two motors to control bidirectional motion. Second, this allows the placement of system mass in the proximity of the center of mass of the wears to minimize distal mass and energy expenditure caused by mass of a robot.
In our design, actuation is transmitted to the wearable structure through cable and proximal/distal pulley pair. With adequate tensioning the cable will act as a linear spring. In order to obtain high-performance torque control, it is necessary to have adequate pretension for a cable-driven system. The proximal end of the cable drive mechanism has turnbuckles to adjust cable tensions.
B. Low Profile and Lightweight Knee Joint Mechanism
The design consideration of knee joint mechanism is to avoid interference with the human body during squat motion while achieving minimal mass. The knee joint shown in Fig. 5 is the distal portion of the bidirectional cable-drive. The design contains one flexion cable and one extension cable that pass through the distal pulley and terminate at the cable locking mechanism. The load cell connects the thigh and calf braces and plays a key role in force transmission between the cable and the shank plate. The top portion of the knee mechanism is attached to the 3D printed thigh brace while the shank plate is fixed to the calf brace. The terminated cable on the locking mechanism actuates the pulley, thus driving the shank plate via load cell. Fig. 5 . A section view (left) and an isometric view (right) of the cabledriven knee mechanism that actuates both knee flexion and extension. It is composed of two cable conduit clamps, a distal pulley, a housing to enclose internal components, a load cell cover, an shank plate, a cable locking mechanism (it also prevents knee hyperextension), a ball bearing, an encoder, and a custom load cell that measures up to 50 Nm torque.
The output torque is instrumented by a custom load cell made of 6061 aluminum alloy. In order to assure the work requirements, the load cell is designed and prototyped via finite element analysis (FEA). The outer ring was configured to be fixed and an external torque of magnitude 50 Nm was applied to the inner ring. As shown in Fig. 6 , the results of the FE analysis depict that the maximum shear stress, strain, and displacement occur around the middle region of the inner ring. When the external torque of 50 Nm was applied to the inner ring, the maximum shear stress was 369.5 N/mm 2 (MPa), the maximum strain was 0.01148, and the maximum displacement was 0.1040 mm. The yield strength of 6061 aluminum alloy is much greater than the calculated stress of the torque sensor. Thus, our load cell meets the strength requirements to be reliably used in our knee exoskeleton. Furthermore, the exoskeleton is attached to the body via 3D carbon fiber printed braces designed to conform to the human leg. These braces transmit the torque at the pulley knee joint into a pressure distributed along the length of the thigh and shank. Therefore, the appropriate size of wearable arms plays a crucial role in the performance and comfort of the subject wearing the exoskeleton. Three-dimensional infrared scans (Sense 2, MatterHackers Inc.) are taken of the patient's leg and then processed into a three-dimensional CAD model, which are 3D printed using fused deposition modeling (Replicator+, Makerbot Inc.). This model is then reinforced with a carbon fiber and resin composite. The arms are padded in locations of leg contact to aid in comfort. Velcro straps are then wrapped around the leg of the user and are anchored to the exoskeleton arms, thus allowing the exoskeleton to be adjusted for optimal user comfort. Additionally, a large belt wrapped around the user's waist has been designed to adjust to the user's measurements. It is padded and wide enough to distribute the knee weight comfortably.
C. Electronics and Communication
The electronics system has a two-layer configuration architecture: real time target computer as a high-level controller and local motor controller as a low-level controller. Engineering) , and a custom designed load cell signal can be directly measured by target computer through PCI-e I/O card. The IMUs stream Euler angles to an Arduino Due board by serial ports and the fourth serial port of Arduino Due is used to send the IMU data to the target computer shown in Fig. 5 . The low-level controller has a motor driver and a microcontroller (DSP TMS320F28335, Texas Instrument, Inc.) to measure motor status (i.e. current, velocity, and position), communicate with the target computer through CAN bus.
V. SQUAT ASSISTIVE CONTROL STRATEGIES
We derive a biomechanics model that is generic for both squat and stoop lifting and propose the control strategy that explicitly generates the knee torque trajectory with thigh and knee joint angle measurement using IMU sensors. [33] proposed assistive algorithms for a squat exoskeleton. But the model assumed that the back posture of the subject was straight and the trunk angle was zero. It only used knee joint to calculate the torque reference and is lack of the posture information of the hip and trunk. However, during lifting (squat and stoop) the back angle varies and it significantly affects the knee joint torque. The assistive strategy is shown in Fig. 7 is composed of high-level torque control and low-level motor control. The three IMUs detect the hip and knee joint angles in the global coordination. The human dynamic model is used to calculate the human knee torque during squatting. Fig. 7 . The diagram of the bio-inspired squat assistance control algorithm. The high-level controller generates a reference torque profile using our generic lifting biomechanics mode to compensate for human dynamics. The τ r and τ a are the torque reference and actual measured torque; the V r and V a are the velocity reference and actual estimated velocity; the C r and C a are the current reference and actual measured current.
A. Human Quasi-Static Model during Squat
In this study, a human biomechanics model shown in Fig.  8 is derived to calculate the biological knee joint torque and assistive torque. This model is customizable to different individuals in the sense that the calculated torque can be adjusted according to the subject's weight and height through the weight ratio (subject weight M sb /human model weight M W ) and height ratio (subject height L sb /human model height L H ). Because squatting is relatively slow, the joint torque could be derived with a quasi-static motion and the inertia term is neglected in this study. The knee joint torque (τ k ) in the quasistatic model can be derived from equation (1) . Here the knee extension is defined as the positive direction for the knee joint torque τ k and reference torque τ r . The clockwise direction is defined as the positive direction for the trunk angle θ b , the thigh angle θ t , and the shank angle θ s . M t is the mass of the head, neck, thorax, abdomen, pelvis, arms, forearms, and hands, and M t is the mass of thigh, L b is the length between the center of mass of M b and the hip pivot, whereas L t is the length of thigh between the hip pivot and knee pivot, L tc is the length between the center of mass of M t and the knee pivot, g is the gravitational constant, θ b is the trunk angle and θ t is the thigh angle.
The desired assistive torque of the exoskeleton (τ r ) was defined as equation (2) in our proposed assistive control.
⋅
(2)
As long as the gain is positive, the exoskeleton will assist the human. It can be used to reduce the loading and increase the endurance for workers. On the other hand, when the gain is negative, the exoskeleton will resist the human. It can be used to increase the muscle strength for health human in fitness or patient with movement impairment in rehabilitation. Fig. 8 . The annotations for the mass of head, neck, thorax, abdomen, pelvis, arms, forearms, and hands (M b ), the mass of thigh (M t ), the length between the center of mass of M t and the hip pivot (L b ), the length of thigh between the hip pivot and knee pivot (L t ), the length between the center of mass of M t and the knee pivot (L tc ), the trunk angle (θ b ), the thigh angle (θ t ), and the shank angle (θ s ).
Based on the (3)-(7) equations, the parameters L b , L t , L tc , M b , M t are calculated by data in Table II obtained from the anthropometry research [34] . This model is customizable because each individual's weight and height can be normalized by M W and L H respectively. M sb is the mass of the subject and the L sb is the height of the subject. M W is the total mass of the human model and L H is the total height of the human model from the anthropometry study. 
B. Posture Detection and Low-Level Torque Control
In our biomechanics model based control strategy, it automatically assists the wearer for both squat and stoops. [13] used a predefined and fixed torque reference and it only worked with a stoop or squat motion instead of the adaptive and generic reference torque in our method. The high-level controller runs at 1K Hz and the torque loop proportionalintegral-derivative (PID) controller is implemented to track the reference assistive torque. The low-level controller is implemented by the velocity loop PID which runs at 20K Hz, and the current PID control runs at 200K Hz. The sample rate of the IMUs is 400 Hz. The three x-axes Euler angles of IMUs are represented as trunk angle θ b , thigh angle θ t , and shank angle θ s and they are calibrated to zero degrees at the beginning of the experiment when the subject was instructed to stand straight. The knee angle θ k and hip angle θ h are calculated by equation (8)-(9) and the positive direct of knee and hip is an extension.
C. Experimental Procedure and Squat Assistant Control
To evaluate the assistive control, the experiments include five tests, namely squatting without exoskeleton, zero torque tracking control, 10%, 30%, and 50% of biological torque assistance, were performed by a 26-year healthy male without any movement disorders. The study was approved by the City University of New York Institutional Review Board, and all methods were carried out in accordance with the approved study protocol.
The subject followed a metronome to perform the 8 second squat shown as Fig. 9 and repeat 5 times for each experiment. The knee angle θ k , desired assistive torque τ r , actual assistive torque, raw EMG signal and average of root-mean-square (RMS) EMG signal was used to analyze the resistance during squat in the unpowered condition and zero torque control. The torque control tracking error was also analyzed in the experiments with 10% assistance, 30% assistance, 50 % assistance. Because the main contributed muscle is knee extensor in the squat, the assistive effect was evaluated by comparing the average of RMS EMG from knee extensor (Rectus Femoris) between the 5 conditions (without exoskeleton, zero torque control, 10% assistance, 30% assistance, 50% assistance). The average of RMS EMG was calculated by rectifying the raw EMG, RMS calculation with 0.3 s window, and average the RMS EMG in 5 squat cycles. Fig. 9 . The illustration of gesture detection and control strategy for the squat experiment with 50% of biological torque assistance. The top graph demonstrates the trunk, hip, thigh, knee, and shank angles with respect to time during the squat movement. The bottom graph depicts the biological knee, desired assistive, and actual assistive torques as a function of time.
VI. EXPERIMENTAL RESULTS
To demonstrate the high-backdrivability characteristics, the control performance, and assistive performance, the results of the experiment of resistive torque in unpowered condition, the resistive torque in zero torque tracking control, the tracking performance in assistive control, and the evaluation of assistive control are described in this section.
A. High-Backdrivability in Unpowered Condition
For the demonstration of the high-backdrivability, the resistive torque during squat in unpowered condition was studied. Thanks to quasi direct drive actuation and cable-drive mechanism, it generates low impedance as the maximum resistive torque is 2.58 Nm which took place in the onsets of motor rotation and the changes of the direction. The average of the absolute resistance is 0.92 Nm, as shown in Fig. 10 . Subjects reported extremely low resistance when wearing the device.
B. Zero Torque Tracking Control
The subject performed squatting to investigate the characteristics of resistive torque during the zero torque tracking control. Its reference torque is set to zero regardless of human motion. The zero torque control is implemented to eliminate the mechanical resistance, such as friction of the cables and gears. In the Fig. 11 , the blue line indicates the measured torque and the orange line indicates the knee angle. The maximum measured torque (mechanical resistance) is approximate to 0.64 Nm and the average of absolute measured torque is 0.34 Nm. Comparing to the unpowered condition, the maximum torque in zero torque control is further reduced by 4 times and the average of the absolute measured torque in zero torque control is reduced 2.7 times. Therefore, it guarantees that the exoskeleton does not increase the human energy consumption due to the mechanical resistance using the zero torque tracking control. Fig. 10 . The result of the resistive torque characterization during squatting. The maximum torque of the mechanical resistance is 2.58 Nm and the average torque is 0.92 Nm. It reveals that our robot is highly backdrivable with low resistance. Fig. 11 . The result of the zero torque tracking control. The reference torque is set to zero. It demonstrates that the maximum resistive torque is approximately 0.64 Nm and the average of the absolute measured torque is 0.34 Nm. It reveals that the zero torque tracking control further reduces the mechanical resistance on top of the intrinsic low impedance due to quasi direct drive actuation.
C. Torque Tracking for Squatting Assistance
Tests for 10%, 30%, and 50% of biological knee joint torque assistance were performed to investigate the tracking performance. The knee torque τ k were calculated by equation (1) and the desired assistive torque τ r is calculated by equation (2) . The gain is set at 0.1, 0.3, and 0.5 in the 10%, 30%, and 50% assistive control respectively. The assistive control was used to assist human knee joint by applying specific torque according the current trunk angle θ b and thigh angle θ t during the squat cycle. The angles of human segments were detected by the IMU sensors mounted on the trunk, thigh, and shank. The tracking perform is shown in Fig. 12 . The RMS of the absolute error between the desired and actual torque trajectory was 0.23 Nm (2.8% of 7.6 Nm torque peak) in 10% knee assistance, 0.22 Nm (1.1% of 20 Nm peak torque) in 30% knee assistance, and 0.29 Nm (1.2% of 23.9 Nm peak torque) for 50% knee assistance. It demonstrated that the torque controller can follow accurately and reliably deliver the desired the torque profile to assist squatting. Fig. 12 . The tracking performance of the 10%, 30%, 50% of knee torque assistance in three squatting cycles. The RMS of the absolute error between the desired and actual torque trajectory is 0.3 Nm, 0.22 Nm, and 0.29 Nm in 10%, 30%, and 50% knee assistance.
D. Injury Prevention Demonstration with EMG Sensors
The effectiveness of muscle activity reduction using the assistive control was evaluated in 5 condition. As shown in Fig.  13 , the average of RMS EMG in 5 squat cycles were calculated and used to compare the amplitude in different conditions (without wearing the exoskeleton, zero torque control, 10%, 30%, and 50% assistance). It depicts that the more torque delivered to the subject, the more muscle activities were reduced. The EMG has similar amplitude in the conditions of without exoskeleton, zero torque control, and 10% assistance. But the squat with 10% assistance has the highest amplitude. It indicates that 1) the exoskeleton does not restrict natural movement as EMG had similar amplitude in without exoskeleton and zero torque control; 2) the assistance percentage should be large enough to reduce the muscle effort and the squat with 30% and 50% assistance can reduce the muscle effort effectively. Comparing to the squat without exoskeleton, the maximum amplitude of knee extensor muscle activity (rectus femoris) measured by EMG sensors was reduced by 30% using 50 % assistance.
The Fig. 14 shows the raw EMG signal and knee angle during squat without exoskeleton and with 50% assistance. It shows that the amplitude of the raw EMG signal in squatting with 50% assistance is smaller and it also reveals that the assistive control could reduce the muscle effort of knee extensor.
VII. DISCUSSION AND CONCLUSION
This paper presents our endeavor to develop comfortcentered high performance exoskeletons that minimize discomfort, reduce weight, and enhance symbiotic control between human and robots. Discomfort minimization is treated as an engineering solution to mitigate high pressure concentration (our hybrid exoskeleton design maximizes moment arm) and reduce impedance (quasi-direct drive actuation ensures high backdrivability). Weight minimization is achieved with high torque density motor and bidirectional cable drive using a single motor. As proof of concept, the tethered exoskeleton demonstrates the design principles and effectiveness of control strategies. All design principles are transferable to portable version. Moreover, the offboard actuator is also lightweight. Our future work will investigate optimal control strategies using this platform and study the effectiveness of a portable version in the field using wearable motion and physiology sensors for injury prevention and human augmentation. Fig. 13 . The result of the assistive control. It shows the average of RMS EMG in 5 squat cycles. The x-axis is the squat cycle and the y-axis is the average of RMS EMG. There are 5 conditions (without Exo, zero torque control, 10% assistance, 30% assistance, 50% assistance) compared. It reveals the higher percentage of assistance has the tendency to reduce the amplitude of the RMS EMG.
(a) without exoskeleton (b) 50% assistance Fig. 14. Comparing the result between the squat without exoskeleton and squat with 50% assistance. It shows the amplitude of raw EMG signal in squat with 50% assistance is smaller and it reveal the assistive control could help to reduce the muscle effort in knee extensor.
